Summary
Behavioral and physiologic indices of arousal to auditory stimuli were examined during the first cycle of sleep in 8-12-year-old hyperactive children and nonhyperactive controls. No behavioral responses or sustained awakenings were obtained for any child during the first cycle of sleep to stimuli at intensities up to 123 dB sound pressure level re 0.0002 dynes/cm2), i.e., at intensities more than 90 dB above waking threshold values. Half of the arousal attempts in stage 2 and a quarter of those in stage 4 elicited a partial or momentary physiologic arousal response (ie., EEG desynchronization and/or change in skin potential response or respiratory activity rates). These arousals were shortlived, with the subjects returning to sleep even with continuing or increased stimulus intensity. Neither the incidence of partial arousals nor the associated threshold intensities differentiated subject groups. Although increased skin potential response activity and decreased respiratory rates were observed during sleep relative to wakefulness, and a predominance of skin potential response activity was noted in stage 4 sleep, no significant differences in frequency (rate/min) of autonomic response measures were obtained when rates before and during auditory stimulation were compared.
Abbreviations
AATs, auditory arousal thresholds NREM, non-REM REMP, rapid eye movement period SPL, sound pressure level SPR, skin potential response W, wakefulness Normal sleep is punctuated by arousals of varied intensity and duration, which ultimately result in sleep termination and extended wakefulness. This awakening response is one of the most dramatic yet least understood behaviors associated with sleep. Although this response occurs spontaneously i.e., in the absence of disruptive external stimuli, it has been largely through the application of external stimuli in studies determining arousal thresholds from sleep that this process has been examined. These studies have considered varying degrees of arousal, ranging from subawakening variations in physiologic measures to indices of more complete arousal, such as specific behavioral responses indicating stimulus awareness (2, 16, 22, 27) , and have established the relevance of several stimulus (modality, intensity, and significance) and state (sleep stage and time of night) variables to the awakening process (18, 24, 26, 39, 40, 41) . In man, these studies have been carried out almost exclusively in adults, and those which have involved children (20, 31, 33) have not assessed the stimulus parameters required to elicit a behavioral response. The present study provides the first such data and includes the evaluation of physiologic and behavioral correlates of AATs during the first sleep cycle in normal and hyperactive children. The latter comparison group was included because it was thought that the postulated dysfunction of arousal mechanisms in hyperkinesis, which is not reflected in marked deviations from normal sleep patterning or duration in these children (5, 9, 11, 19, 35, 37) , might be evident in arousal threshold measures from sleep. Because data analyses revealed the absence of group differences with respect to either AAT values or physiologic and behavioral measures of arousal (see waking and nocturnal threshold results below), group data were combined for this report.
MATERIALS AND METHODS
Twelve nonmedicated male children (five hyperactives and seven normal controls: mean age = 10.3 years, S.D. = 1.5) were subjects for this investigation. These children were recruited from the local school population. Hyperactivity diagnoses were based upon positive indications (> 15 on hyperactivity index) on Comers Parent and Teacher behavioral rating scales (6, 7), as well as the persistent or recurrent presence of t h e f~l l o w &~ s~mptomatology: motor restlessness, distractibilitv. short attention svan. imvulsive-
ness, labile emotions, and poor iiademic performance. All subjects underwent audiometric examinations to ensure normal hearing. Presleep auditory thresholds were determined in the sleep laboratory using the method of limits. This procedure involved presenting the tones (1500 Hz) via earphone insert first in decreasing intensity (descending series) until the subject no longer responded and then increasing intensity (ascending series) until responding resumed. min., S.D. = 29.5). After sleep onset, subjects were allowed a minimum of 5-10 min of uninterrupted sleep before stimulation began, and attempts to determine AATs were made throughout the first sleep cycle. Auditory stimuli (1500 Hz tones of 3 sec duration, alternating 3 sec "on," 3 sec "off') were delivered in an ascending series of increasing intensity (2-5 dB increments) beginning at waking threshold values. To indicate arousal from sleep, subjects were instructed to press a hand-held button three times and say, "I'm awake" when they became aware of the tone. Stateand stimulus-associated variations in autonomic activity were determined for SPR and respiration from 1-min presleep samples and from 1-min periods before and during stimulation. Each pen deflection of r l mm (100 pV potential change with amplifier impedance = 1 megohm) was scored as a SPR response (17) .
RESULTS
No behavioral responses or sustained awakenings were obtained for any child during the first cycle of sleep to stimuli at intensities up to 123 dB (SPL re 0.0002 dynes/cm2) i.e., at intensities more than 90 dB above waking threshold values. Stimulus intensity was not raised above this value because further increases could be damaging to the auditory system (34) . Figure 1 illustrates an arousal attempt during stage 4 sleep which failed to evoke even autonomic responses at the highest stimulus intensity. Of the total attempts to awaken subjects (n = 61), 13 of 26 (50%) attempts in stage 2, and 9 of 35 (25.7%) attempts in stage 4 elicited a partial or momentary physiologic arousal response (i.e., EEG desynchronization and/or change in SPR or respiratory activity rate). The mean intensity levels required to elicit these nonsustained arousals were 105.6 dB SPL (S.D. dB SPL (S.D. = 13.8) for stage 4. These arousals were shortlived, with the subjects returning to sleep even with continuing or increased stimulus intensity (Fig. 2) . Neither the incidence of partial arousals (hyperactives 37%; controls 29.4%; X 2 = 0.397, non-significant) nor the associated threshold intensities (hyperactive~, X = 102.9 f 19.1 dB SPL; controls, X = 109.1 f 14.4 dB SPL; t = 0.85, non-significant) differentiated subject groups. If arousal threshold differences do exist during sleep between hyperactive and nonhyperactive children, such differences are not apparent during the first sleep cycle. No significant differences in frequency (rate/min) of autonomic response measures were obtained when rates before and during auditory stimulation were compared; however, spontaneous SPR rates differed between wakefulness and sleep and between sleep stages (W < Sz, P < 0.01; W < S4, P < 0.01; S4 > S 2, P < 0.01).
Respiratory rates declined during sleep relative to wakefulness ( P < 0.01), but did not vary across sleep stages. Table 1 presents summary data for the autonomic measures during stimulation and non-stimulation conditions.
DISCUSSION
On the basis of results from previous investigations of arousal threshold measures in adults and inferential data from studies in children (4, 22, 33) , high threshold values were expected in the first sleep cycle in our subjects. The impossibility of inducing behavioral arousal during the initial two hours of sleep was completely unexpected. Not only was there a failure to elicit behavioral arousal, but physiologic activation in the form of either cortical EEG desynchronization or increased autonomic excitability was severely diminished as well. Only 36% of all arousal attempts eventuated in even transient indications of physiologic arousal, and these required stimulus intensities exceeding waking auditory threshold levels by more than 75 dB SPL.
The methodology employed in this investigation excludes explanations for the observed effects based upon defective hearing (waking auditory thresholds were normal), ineffective stimulus delivery (earphone insert ensured reliable stimulus delivery), or habituation (except at maximum intensity, stimulus intensity levels were maintained for only 2 consecutive stimuli). Furthermore, replication in this study of previously observed state-associated changes in autonomic activity, including increased SPR activity and decreased respiratory rates during sleep relative to wakefulness, and a predominance of SPR activity in stage 4 sleep, attests to the reliability of recording procedures and normal physiologic responsivity of the subjects.
Among those factors that may influence externally initiated arousals from sleep, the importance of stimulus significance is generally recognized and is of potential relevance to interpretation of the present data. It could be argued, for example, that 1500 Hz tones are meaningless stimuli not warranting attention and are, therefore, unlikely to elicit arousal. This explanation might be plausible for low intensity stimuli, but the higher intensity stimuli utilized in this study should acquire significance because of their irritating, even nociceptive qualities.
The persistence of sleep in the presence of such stimuli is congruent with other data indicating enhancement of processes minimizing reactivity and behavioral responsiveness during the first cycle of sleep. For example, parasomnias such as sleep walking, night terrors, and enuresis, which are prevalent in children, occur within this time period (3) and, although many of these disturbances involve moioric activation, they rarely result in full behavioral arousal. Furthermore, in association with some parasomnias (e.g., enuresis) significant internal stimuli may be disregarded and sleep maintained despite negative behavioral and psychologic consequences of such unresponsiveness (4, 15) . These disturbances occur predominantly during slow-wave (stages 3 and 4) sleep, but diminished reactivity is also characteristic of stage 2 sleep during the first sleep cycle. In adults, arousal threshold values for first cycle stage 2 sleep are increased relative to stage 2 measures taken later in the night, and in the present study half of the stage 2 attempts failed to elicit signs of behavioral or physiologic arousal. These data support and extend the previously advanced notion that sleep during this initial period may be functionally different from that during subsequent NREM cycles (8) .
It has been suggested that the awakening threshold reflects an adaptive mechanism fundamental to sleep maintenance in the presence of stimuli which normally evoke responses during wakefulness, but which permits arousal and response to imperative stimuli (28, 36) . Unless there is some as yet undetected peculiarity of the preadolescent age group studied in this investigation, the present data suggest that before and perhaps extending into adolescence this mechanism is either incompletely developed or is superseded by sleep maintenance mechanisms, presumably to allow an important sleep-related function to occur. It has been postulated that sleep is a time for differentiation, maturation, and restoration of physiologic and neurochemical processes (1, 23, 30, 32, 38) , and the intensity at which some of these processes occurs in childhood may be related to this unusually elevated threshold to arousal. Whatever biologic priorities and functions are satisfied during the initial hours of sleep, in children it is apparently important that such activities proceed with minimal interruption. One consequence of this overriding of arousal mechanisms is a compromised capability during sleep to respond to stimuli-endogenous and exogenous-some of which may signal potentially life-threatening events e.g., respiratory distress (10, 12, 13, 14) or signals from emergency alarm devices (21, 25) . Clearly, further investigation into factors underlying this sleep-related functional debilitation in children is warranted.
